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The possibility of attack by atomic weapons hes ereated 
a widespread need for a rugged, portable gamma survey meter 
reading from 0. 025 to 500 roentgens per hour, Such an Instru- 
ment should be highly reliable, with long shelf and operating 
life. Two possible bases for such an instrument have been 
investigated. 

A system using no batteries or other power-supply, in 
which a phosphor isa viewed by a photo-voltaic cell of the 
berrier-laysr type is shown to be too insensitive with pre- 
sently available components to give meter indications in the 
radiation range of Interest. 

Visual observation of the luminescent response of a . 
das phosphor is shown to permit detection of gemma radiation 
at lees than 0,020 r/hr and measurement et less then 0.4 r/hr. 
The upper limit has not been explored but is shown to be above 
100 hr. Tuo meter designs based on visual comparison of 
the brightness of a deteotor phosphor with that of a standard 
light source have been developed, one of these requires no 
power supply, the standard light souree being a phosphor dise 
excited by a long-lived bete emitter, tests of which are des- 
oribed. The advantege in reliability of the device over an 
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electronic cirouit is evident. 

Measurements of brightness comparison et 0.8 r/hr showed 
Standerd deviations of 12% for each of two observers with 7% 
Gifference in the means of their readings. Dark adaptation 
of the observer, for a period varying inversely with redie- 

tion intensity, is required below about 15 r/hr. 

Methods are deseribed for preparing phosphor sereens 
of any desired thickness by binding the phosphor powder in 
transparent plastics, In lucite, the greatest light yield 
under gamma excitation was obtained at 1.0 oven" of Zn-0ds, 
with an optimum phosphor to plestic weight ratio of 2.611. 
With polystyrene, the light yield of a given weight of phos- 
phor in the optimum phosphor-pleatic ratio is shown to be 
30% higher than thet of the same thickness of phosphor alone, 
a result of the relatively high index of refraction of the 
polystyrene, The light yield as « function of thickness of 
gmeCaS and 210, powder under gamme and beta excitation, 
and of various phosphor-plastic mixtures under game exe 
eitation are shown, For these nee auremente a procedure was 
devised to oel bre te the response of a photomultiplier to 
the brightness of a luminescing phosphor in units of foote 
lamberts. 
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GHAPTER 1 
BREED FOR A HIGH-INPENSITY GAMMA RADIATION SURVEY “ETER 


The possibility of the use of atomie weapons against 
densely populated areas as well as strictly allitery tergets 
has created a need for the wide-spread distribution of radia- 
tion dosage rate monitoring and survey instruments for use by 
radiological defense teams, and by individual persons, both 
Givilian and wilitery, Until very recently such instruments 
have been designed primerily for use by trained personnel une 
dar conditions such that personnel hazards due to feilure of 
an instrument could be minimized by careful handling and maine 
tenance, and by the provision of sore than one monitor if 
necessary. Low cost and simplicity of operation have not 
been essential factors in the design of such instruments and, 
whether portable or laboratory types, they have in general 
been characterized by high sensitivity and the precision re- 
quired for research purposes. 

In this chapter we consider briefly the conditions un- 
dar which individusl persons and radiologicel ésefenss teams 
might require instruments for measuring radiation, examine 
current civil defense epecifications for such instruments, 
and mention the currently evaileble instruments thet might 
fall within the soope of thess specifications, 
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At this writing, the ost useful, if not the only 
available, source of unclassified informetion on the radia- 
tion to be expected after an atomic weapon attack ie a pub- 
lication, "The Bffecta of Atomic Yeapons," 095 which ree 
fleets the experience obtained by the United States with the 
experimental and vart 14 nuclear explosions up to the begine 
ning of 1950, de summarize some of the pertinent somments 
conteined therein, quoting freely to avoid ambisuities, 

Atomic weapons fell inte two eategories, explosives 
and the spread of radioactive contaminants (the letter is 
known as rediological warfare). 

The effects of explosions vary depending on the ree 
lation of the burst to the surface of the ground or water, 
and this discussion is sub-divided accordingly. The figures 
quoted below apply to a nominal!“ atomic bomb, equivelent to 
20,000 tons of THT, and we confine consideration to the re- 


sidual radiation resulting from the weapon, exoluding the 
initial burst of slectro-xmegnetic and particle radiation which 
is substantially completed within one minute after the exe 
piosion. In general it can be said of the residue] radiation 
thet the personnel hesards arise primerily from gamme rays, 
end secondarily from bete-rays, the other forms of radiation 


1, References are listed in Appendix A2, 
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being present in negligible amounts in comparison. The 
energy of the residual rediation is sot discussed in deteil 
in the reference but the average energy is said to be 6.7 
Mev. 
(a) Bigh air burst (above 500 feet): 
1 „ „„ an atomic bomb is detonated at a 
high altitude, ac ae to esuse maximum blast 
damage in a city, the hazaré due to radio- 
activity on the ground after the explosion 
ie small." (p. 269). 
(>) Lew air burst (below 500 feet): 
Approximate radiation dosege rates were measured 
on the ground one hour after the Firat nuclear 
explosion at Alamegordo in 1945, where the burst 
oocurred at a height of 100 feet. The dosage 
rate wes 8, 000 roentgens per hour at ground 
zero (the point direotly under the burst), and 
fell off rapidly with (horizontal) distance 
from ground zero, to 10 r/hr at 1500 fest and 
to 0.3 r/hr, et 3000 feet. (p. 270). 
",cooafter an air burat at low altitude an 
area, smell compered with the damage area 
due to the bomb, near the explosion oenter 
would be uninhabitable because of the radiae 
tion hazard. . It would probably be 6 hours 
or more before 1t would be safe to walk 
eaoross the area. „ (po 270). 
In addition to the residual rediation on the 
ground under the burst, separate consideration 
is given, in the cases of low bursts, to "falle 


out,” thet is, particles of dust sarried upward 
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by the hot air current around the burst which 
later fall to earth elsewhere carrying radio- 
activity. It is stated that, 


(o] Surfece Explosion: 


"It is reasonably certein that the contami- 
nation due to neutron-induced activity in 

the vicinity of the explosion would be very 
high. „ „ „airborne activity, which eould pro- 
dude a significent fall-out, oonst - 
tute a serious hazard in areas directly 
downwind at some distence from the explosion,” 
(vp. 27 b, 273). 


(4) Underwater Burst: 
"Of the types of atomic explosion the under- 
water test at Bikini produced by far the 
test degree of radioactive contemination... 
| extent and degree of contamination will 
probably vary markedly with the conditions, 
Such as. . . depth of the burst, meteorological 
conditionse.., and topography." (pp. 276-277). 
Of the total radiation dosage at a given dise 
tence from surface zero, about 90% may be exe 
pected within 30 minutes of the explosion. In- 
tegrated dosage contours, based on the Bikini 
underwater burst, where a 5 n. p. h. wind was 
blowing, Place the 100 roentgen (total dose) 
sontour 3.3 miles downwind from the burst, and 


the 400 r contour 2.2 miles from the burst. In 
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other directions these contours were scorres- 
pondingly closer to surface zero, 
Approximate dosage rates one hour after the 
burst, downwind, were 50 at 2 miles, 10 
hr at 3 miles end at 5 miles the rediation 
was negligible, A different wind velocity or 
a shift in the wind shortly after the explosion 
Gould of courss alter the resulte considerably, 
(eo) Radiological Warfare: | 
"On the whole it may be concluded that if 
radiological warfare is used es a weapon, 
it will be in the form of emitters of pens- 
trating gamma radiation for which proteetive 
Clothing and gas masks would be ineffective... 
However, it would appear to be ea difficult 
matter to lay down such a concentration of 


gamma emitters over a lerge area as 
cause serious injury from e short exposure. (p. 288) 


While the foregoing comments establish the almost self- 
evident fact thet an atomic attack on a city would result in 
radioactive contamination affecting a large number of people, 
they do not readily lead to the particular limite of sensi- 
tivity end other spseifications for an instrument intended 
for emergency use. 

Yor guidance in these matters we turn to a recent pub- 
lieation of the Federal Civil Defense Administration (a) which 
aets forth specifications for radiological monitoring Instru- 
ments for use in general civil defense operations. These 
specifications were compiled by a committes, including repree 
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gentatives from all interested Government agencies, whieh 
"sescdatermined that two typea of radiological moni- 
toring instruments ere required for gamma rey de- 
tection: 
11 4 — . — Instrument for area survey 
po = ong — rollo an atomic 
tack, These instruments have an up- 
per range of 500 roentgens per hour. 
(2) A low-intensity instrument for special long- 
range survey work in the weeks following an 
— 1 11 — range of these instruments 
need not ed 500 milliroentgens per hour. 
*The sonmittes has determined that while certein in- 
atrusents now available would be suitable for the 
loweintensity rediation meesurement in the weeks 
siphivdalioncs highetabenalty tuneup souk bud pes 
civ. ense Intensity survey wor, 
been developed," 
The low-intensity instrument” currently recommended 
by the Federal Civil Defense Administration is an ionizetion- 
chamber type, portable, battery-powered device having five 
ranges of full~seale readings 5, 50, 500, 5000 and 50,000 
millircentgens per hour, detecting gamma radiation of energy 
60 Kev up to 1.5 Mev. Specified precision is + 15% (of the 
4/5 full scale reading), It meets military requirements 
for ruggedness, reaistance to tamperature, humidity and pres- 
sure changes. Mttery life provides 1000 hours of continuous 
operation and a shelf-life of about 1 ysar at 70. 
In the absenoes of suiteble high-intensity instruments 


for civil defense purposes, the committes drew "Tentative 


2. Type AN/PDR-T-1, menmufactured by Tracerlab, Ino, and 
Kelley=Koett Mfg. Co. 
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Rpecificationsa for a Civil Defense High-Intensity Radiation 
( Survey Meter," published by the Federel Civil Defense Admini- 
stretion in the seme report (F2). The specificetions "estab- 
Ash performence requirements for a small, lightweight, rugged 
field inetrusent for measuring gamma radiation whieh may re- 
eult from atomic disaster, The instrument will be used by 
relatively inexperienced personnel end should provide ease of 
operation, maximum operating life and require « minimum of 
maintensnee." These specifications, then, provide the best 
currently available guide to the characteristics of an An- 
strument for emergency use and they will be briefly outlined, 
The device may be based on any practicable detection 
principle and must respond to gamme radiation of 0.08 to 
1.5 Mev energy, over the range 0,025 to 500 roentgens per 
hour, reading correctly within 2 30% et 5, 50, and 500 r/hr. 
An integral calibration device is to be provided to check per- 
formance et one scale reading. Battery life is to provide 
25 hours of continuous operation, ané overall life except 
batteries must be at least 500 hours at 500 r/hr. There are 
in addition strict requirementsto cover various operating 
@onditions, as temperature, humidity, corrosion, immersion 
and vibration effects. The instrument is to be portable, 
having a weight of less then five pounds and a volume of 
less then 100 cubic inches. Various requirements on circuit 
stability, internal construction and external features ere 
also specified, 
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Because of the relatively reoent publication of these 
| specifications, it is doubtful thet any currently available 
radiation meter has been designed specificaliy to meet them, 
‘Two Geviees whose sensitivity range may possibly be extended 
to meet the above specifications have become available in re- 
dent months end will be deseribed briefly. 

LeVine and DiGiovanni (16) have deseribed a compact 
hand-held instrument detecting gamma rays by a Geiger-Muller 
tube using 700 volte provided by a novel vibration cireult 
operating from two small (Type D] dry cells. ‘Two models 
have been designed, one covering the range 0.2 to 500 r/br, 
the other about 0,02 to 5 r/hr. The unit cost,for parts 
only, of either of these is $14.50 if 100,000 are to be manu- 
fectured, The authors state that modifications can be made 
to meet the above specifications. 

Another recent instrument, the "Pocket Radfiac“ (T1) 
is an ionization chamber type reading 0 to 25 r/hr on a 
logerithmic scale, with stated acouracy of » 25% at any 
reeding. The inatrument responds to gamma rays of greater 
than 0.1 Mev energy and to bete-rays of over 1.0 Mev. Op- 
erating life is 8&5 hours, from two hearing-aid type batteries, 
A model reading up to 500 r/hr is in preperation. The pre- 
ant model is about the size of a man's hand, Cost is $49.50 
in small quantity. 

These deviees are believed to be the leading representa- 
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tives of the sort of instrunent contemplated by the speci- 


Tiest ons quoted above. <A number of other types of ganma- 


ray detectors have been mentioned as potentially useful 


after an atomic explosion, for measuring tie integrated 


dose received by an individual, These include pocket dosi- 
meters of the electroscope or ionization chamber type, photo- 
graphie film badges, and recently a silver-activated phos- 
phate glass which flucresces under ultra-violet Light in 
proportion to the total gamma redicstion to which it has been 
subjected. All of these are quite simple and rugged, but 
require auxiliary apperetus for either reading or re-charging 
(where applicable) or voth, Though a measure of the dosage 
Pate Gan be obtained with all of them by timing the exposure 
of the devices, their use for this purpose in the field is 
subject to the principal objection that the informetion so 


obtained applies to the past, not the present, and that 


@areful shielding ia required to maintein the usefulness of 
any reserve stook of such devices in the presence of radia- 
tion. 

We conclude from this brief survey that in spite of the 
many varieties of gamma-ray menauring instruments in existences, 
there remains an unfilled need for 4 wide-range ganna radia- 
tion survey meter of simple and rugged cheracteristics,. Tt 
is the purpose of this paper to deseribe some initial investi- 
getions of two possible bases for such a devios, 
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In the search for « principle upon which an insatrue 
4 of the sort deseribed in Seotion 1.2 might be based, 
— Was directed first to the use of a simple photo- 
4 volta cell, of the barrier-layer type.” The cell wis to 
view a phosphor crystal excited to luminescence by ganna 
‘peys or other energetic radiation and the sensitive surface 
| of the cell would convert the light into an sleetric current, 
7 meneured by e microwanmeter. Preliminary salculetions, ree 
produced below, indicated thet the maximum current obtein« 
 @ble would be quite smell, but nevertheless it seemed ad- 
Viseble to experiment with this principle to an extent auf- 
ficient to determine the possible sensitivity of auch e de- 
vice made with currently available oomponents, It is ap» 
parent that, should sufficient sensitivity be achieved, 3 
device of this nature would be extremely simple, readily 
manufactured, and would have en indefinitely long shelf 
life, since no powar supply would be required. 


Berrier-laysr photoe-voltaic cella now commercially 


1. The use of a photoevoltaic cell for this purpose was 
First suggested to the author by Professor Clark Goodman. 
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de are preatioelly all of the selenium type (21), 
a0 of a thin layer of crystalline salenium on an 
iron base, covered with a thin sputtered metal electrode, 
is thought to be a defect semi-conductor with 
"holes in ite highest filled energy band (21). In contact 
“with iron, of lower work function, sone of the holes are 
filled by electrons migrating across the interface fran 
| ire to selenium, setting up a field aeross the boundary 
| Pegion which forms the barrier layer, In this condition, 
—- @leotrons excited by incident light may rise te the empty 
 @onduetion band. In the interior of the semi-conductor, 
duch electrons have a short lifetine, as they fell into 
‘the holes of the highest filled energy band, and no our- 
rent will flow. In the region of the barrier layer, how= 
ever, thease holes are filied by the electrons which migrae 
dea from iron, Hence electrons in the conduction band 
shave a longer lifetime during which they ere urged by the 
4 field toward the iron, creating a current, Under soderate 
f 


| 


illumination, the opene-olroult potential differenes between 
the iron dase and the top sleetrode is of the order of 0,2 
volta, rising to s maximum of about 6.55 volts et vary high 
Aliumination levels (V1). 


7 Inspection of manufacturers’ literature indicates 


het the performence characteristies of photo-volteic cells 
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t little from one anufueturer te the next. Some 
e dee of a typieal Generel Mestr 10 6611 
Nee 
2, and 3, and an equivalent efroult representing convene 
Sena! cells is given in Pigure 2. -U. Major characterise 
5 of interest here are: | 
(a) Spectrel sensitivity maximum nearly coincides 
with the wavelength of maximum sensitivity of 
the human eye (Figure 2. 2-1). 
(b) With small external resistance losds, current 
output is proportional te the illumination 
(Figure 2. 2-2). 
(¢) Internal resistance (and henes optimum extere 
nel Load] is «a function of illumination (Pige 
ure 2. 2-5). 
(@) Short-cirouit current is nearly proportional 
K to sensitive area, Open sireuit voltage is 
‘ practically independent of area (G1). 
} (¢) Special attention to the details of manuface 


ture may produce cells with current response 
about 10% higher then the average (1). 
Representative values of the equivalent oclre 
oult elements of Figure 2. 2-1 are (21): 
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WAVE LENGTH (ANGSTROM UNITS) 


Figure 2.2-1. Photocell 
spectral sensitivity for con- 
stant energy at each wave- 
length. (From Ref. Gl.) 
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ILLUMINATION - FOOT CANDLES 


Figure 2.2. -Photecell cur- 
rent vs. illumination (tungs- 
ten, 2700°K) (From Ref. Gl.) 
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Figure 2.2-3. Fhetecell in- 
ternal resistance vs. illu- 
mination (tungsten, 2700°K). 
(From Ref. Gl.) 
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(Load resistance) 


Figure 2.2-4. Photocell 
equivalent circuit. (From 
Ref. Z. 1.) 
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Rg A 30 ohms 
Rg = @ function of {1luminetion and on- 
ternal cirouit resistance as ahown 
in vigure 2. 2-3. 
a With these characteristios in ming, two specially mode 
photooelis with sensitive areas of 15 ems were obtained 
| (from Generel leetric Company) for use in the experiments 
Alsseribed below, Vor these cella the cherecteristics as 
given in Figures 2. 2-1, 2, and J represent aininum expected 
- ~ performance. (If small external Leads are used, corresponde 
ing to short-circuit conditions, the currents shown in Fig- 
ure 2. 2-2 should be multiplied by the ratio of the areas 
J 
0 


01 2.1) to give the expected current.) 


Having selected a phote-voltale cell, we sought a 
luminesoont material (phosphor) with maxi sensitivity to 
gamma rediation. In addition to availability and cost, theas 


| 


major factors ware considered: 

(a) The materiel chosen should be of high etemic 
number, so that it will ebsorh as much energy 
as possible from the gamma radiation. 

(D) The material sheuld omit as visible iight a 
large fraction of the enercy absorbed, 

(e) The omitted light ahould fall as nearly sa 
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possible in the region of maximum photocell 
sensitivity. 

(4) Sinee the response of photoevoltaic cells de- 
oreases with inereaging frequency, rapid decay 
of the emitted light pulses would be undesire 
able. 

J Kellman and co-workers (31) have made an extensive 
study of the absolute energy yield of various luminescent 
materials excited with alpha particles, gamma rays, and weak 
Trays. Their results show thet, in general, the inorganic 
i phosphors emit as visible light a greeter fraction of the 
sy energy absorbed than do the organic luminescent materials. 
Of the inorganic meteriels they teated under gam radie~ 
be tion from radium and ite decay products, the two most suite 

| able for the present purpose ere ecopper-nctiveted zine sul- 
fide (denoted 2uS(Cu) ) with an efficiency of 22%, and cop-~ 
per-activated sine~cadmium sulfide ( wn-CdS(Cu) ), with en 
efficiency of 16%, Thess efficiency data represent the retic 


of energy emitted as light to the (radium) gam radiation 
energy absorbed by a thin layer of phosphor, The efficien- 
gies of several sulfide phosphors, including these two, have 
been shown (RA), (81), to be a funetion of the intensity of 
the exolting radiation, and of temperature. For this reason 
Kellman (EZ] has stated, referring to the efficiencies cited 
above, that they may be in error by as much ae 1/5 te 1/3, 
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h the relative values are correct, 
| Both OF these phosphors cas Light in» gung cs 
m with the maximum in both 0 falling near the 
relengt! of maximum sensitivity of the seleniua barricre 
yer photo-voltaie oli, If the relative spectral distri+ 
My Try Of the energy emitted by a phosphor is known 
b a function of wavelength, then the average current sans 
Mvity, S, of a photosensitive surface to this distribution 
| dan be culoulated ast 


8, represents the current response of the photo- 
a sensitive surface et wavelength \, relative to the current 
* out put Ip {amperes per unit incident energy) at the wavee 


Length of maximum sensitivity, 3 is thus a figure of merkt 
for various combinations of photocell surfaces and phosphors, 


Caloulations of 5 have been aude for the two phosphors nen- 


4 tioned above as being most suitable, based on the responses 
dure 8, for the General Hleotric cell (Figure 26281). Por 
1 en], the spectral amission curve of « very efficient 
‘phosphor prepared by Bube (33) was employed, while for Zne 
CdS(Cu), a spectral emission curve, Picure 3. 2-1, for one 
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‘of the plastic-phosphor dises deseribed in Chapter 4 was 
used, The ordinetes of these curves represent, in arbi- 
trary units, energy emitted per unit energy absorbed, per 
unit wavelength, under excitation dy ultra-violet radia- 
tion, Sinoe the emission spectrum of a given phosphor is 
Constant, or nearly so, under various modes (alpha, beta, 
gamma, ultre-violet) of excitation (LI), and (N), these 
data may be used for the present problem involving gemma- 
ray excitation, 
The figures obtained for 3 by graphical integration 
are: 
Zn8(Cu) + S 0.89 
Zn=CdS(Cu) 2: S = 0095 
The time rate of decey of light pulses from phosphors 
appears to be a sensitive function of constitution and method 
of preparation of the phosphor, ‘uch conflicting data are 
found in the literature on this topic. However there is 
no doubt that zns (eu) and gn-CdS(Cu) emit light in very long 
pulses compared to the short (of the order of 10 seconds) 
pulses of the organic phosphors, and the zine end cedmium 
gulfides are for this renson almost invariably used where 
long persistence of luminescence is desired, 6. g., in slow- 
moving oscillography (R3), (12). The phosphoreseent decay 
of a tn-CdS(Cu) phosphor material used in the present experiments 
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‘persisted for sore than 20 minutes after excitation was re- 
To summarize, zug (ou) end 2m-Cds(cu) appear to be suite 
_ ble phosphors for the present application, as they have 

~ peasonably high gammmray absorption eheracteristies, are 
 @mong the most sffioiont energy converters, emit light in 

a band fevoring the selenium photo- sensitive surface, and 
emit pulses of long duretion which avoid the poor high- 
frequency response of barrier-layar esils. 


Zstimete of Sengitivs 

Attempts to celowlete the expected sensitivity of a 
Simple phosphor-photovoltaic eslleammeter errangenent suf- 
fer from the scarcity of date on the performance of photo- 
voltaic cells at the very low levels of illumination ex- 
peoted from the phosphor under moderete gesmea irradiation. 
The data in Figure 2, 2-2 are the dest available on comaere 
ola cells at illumination levels below 1 foot-oandle (1 
lumen/ft*). However, the lowest portion of these curves, 
below about 0.2 foot-candles, is en extrapolation (1). on 


the basis of the brief discussion of the theory of the photo- 
Voltaic ell given above, a linear reletionship between illu- 
Mination and current response, passing through the origin 

of coordinetes, seems plausible, If the illumination 1s small, 
o thet the field et the selenium-iron interface is not 
disturbed by a large current flow, then « fixed fraction 
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‘influence of the field, For d given speotral dds 
aan. or the inoldent light, the Linear relationship 

. oul extend down to zero illumination beenuse, oF course, 
he photo~electric threahold cannot depend on the rate ot 

deh photons strike the surface, but only on the energy 

ä „ photon. We conclude that the Gata of Figure 2.202 ean 
used at lenst as an order-of-mugnitude guide at the lowest 
ticn Levels. 

We may now summeriae the process by whieh the energy 

| or game radiation is to be converted into « meter indicntion 
a ** 1 the phosphorephotovoltaie eelleamneter clroult, by trecing 
| the energy through the aratem, Tor the materials (z = 48) 

i and ganma-ray energies (average 0.7 Mey (L1) ) of interest 

' : here, the photoalsetrie effect and pair production nay be 
 ~Megleoted in comparison to the Compton effect, so that the 
absorption of gsmmerey energy is proportional to the ness 
of the absorber (£1). Since ons roentgen represents the & b. 
| bor pt 40u OF 3. 2 K 107 Mev per gram of air (a, we heave aa 
1 the rate of energy absorption by one gram of phosphor from 
dne roentgen per hour: 
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5 into light, (persgreph 293), 1 0, 16 for zu-. the 
| of emitted light reaching e sensitive coll surface 


wo ole of the seme surface area and shape as the phosphors 
ow er for thie example we shall use a angle cell for whieh, 
jh @ thin phosphor, this frection might be about O. l. The 
ive aensitivity of the photoeells for the incident Light 
was @aleulated in paragraph 2, ) above as 0.95 for 


ae Thus far we have traced the energy to the point where 
It produces output current from the photocelis, which we 
der now write as? 


ee eee 


* Ooh X 0095 & Ty . 1.6 x 107? 10 


ampere hr ren phosphor, 
where I, is the response of the photocelle in ampersa per 
watt incident. 

5 an @pproximate evaluation of Toe den be ade by refer- 
@nee to Figure 2. 2 where it is seen thet the limiting alepe 
@t low illumination for the larger external resistances (for 
which power output is greatest) is approximtely 3. 2 mioro~ 
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R. and 1 lumen of tung- 
en light at 2700° Kelvin is equivalent to about 0.0039 
tts in the visible range, hence 1% becomes: 


0. 11 amperas/ watt incident, 


mus we arrive at an estimated photooell current of 
~10 eee i 
i= 1.6 x 10 x 0. 11 = 1.8 K 10 amperes/r/hr/gram 


phospher for the conditions stated. In view of the several 

_ approxinations involved, this figure should be regarded only 
q as an upper limit for the current, As such, we may oalou- 

5 late the minimum radiation measurable with the phosphor-cell- 
ester Circuits. IT 0. 1 microamperse is taken as the minim 
durrent measurable with a readily portable soving~coil Instru- 
ment, and assuming a phosphor of mass 10 grams, we could de- 
tect approximately: 

10°? 


| 
; 1.6 x 10°" x 10 


= 550 roentgens per hour, 


an impractically large minimum for a portable instrument 
to be used for the monitoring of human exposure to radla~- 


tion, 
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te eee largo estimates sone 
ty experiments were acde, These will be briefly 


(a) A large anthragens crystal of exeslient quality, 


mass 175 grame,was placed on ad General Electric 
P¥=] photovoltaic cell, Current output of the 
dell wes read by a Leeds and Northrup galvane- 
meter, The eorystal was irradiated with a 00⁰⁰ 
source (0.98 rhm) of gemma rays separated from 
the erystal only by two thicknesses of black 
Gloth, such that the estimated gamm radiation 
on the orystal surface facing the ell was 400 
roentgens per hour, A maximum current of 9 x 
19720 amperes was measured, (This result cane 
not be compared with the ealeulation of the 
preceding section because the emission spes- 
trum of anthracene ia widely different from 
that of the sulfide phosphora, ) 

A phosphor consisting of 9.7 grams of ds 
(Cu) dispersed in a polystyrene binder formed 
into a diso 3 om, thick and 5 om, in dianeter 
was placed between two General Slectria 2 
photovoltaic cells (see lest pursgreaph, Section 
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2.2) connected in parallel, with output fed 

to a Beckuan microwmicroanneter. The phosphor 
wog irradiated by the sane 8060 souree used 
above, auch that the averege radiation over 
the feees of the phosphor aise wes grester than 
ing was 2 x 1070 amperes, r 


phosphor, so that the est inate of maximum cure 
rent in Seotion 2.4 is too high by a fuctor of 
4 greater than 10°, 

1 We conolude thet the simple phosphor-photovoltaiec 

4 O¢lleanmmeter circuit cannot at present form the basis for a 
practical rediction meter requiring no source of energy other 
then the energy of the gam radiation measured. Several 
sehemes have come to sind or have been suggested by others 
for improving the sensitivity of the device. One example 
ia the n-layer sendwich, each layer consisting of eell- 
phosphor-eell, If these were conneeted in series, then in 
Principle, at least, the openecireult voltage under amall 
igvrediction could be made as large as we pleased by making 
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n very large, Or consider two concentric spheres, one ouch 
Larger than the other. The interfor of the larger sphere 
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would ba coated with a good phosphor, and the exterior of 


the inner sphere would be divided into many amall segments, 


each forming a separate photoe-volteic cell, again with all 
Segments connected in series. If these or other similer 
achemes seem attractive, they lose much of their promise 
when we consider that a sensitivity improvement of at least 
10" is required, and for this we probably would do better 
with one new high-sensitivity detector, then with a large 
number of photo-voltaic cella. . 

At this point in the work we shifted to the husan 
eye as the detector, and no further experiments with photo- 
voltaic cells were undertaken, 
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* The extraordinary sensitivity of the human ays can 
| de appreciated by considering the energy flow in the form 
er luminous flux which can just de perceived by a complete~ 
4 dy dark-adapted eye, Varying estinetes have been given of 
_ this quantity (21), a conservative stetexent being (81) 
I, . it 10 less than 10726 watts, or, expressed in phctons 
| 1 of light et the wavelength of maximum sensitivity of the 
 @y@, leas than 300 elementary photons per seconde 
7 In order to take advantage of this sensitivity for 
i visual detection and measurement of rediation, we must ex 
| amine some other characteristics of the eye's response to 
| Might which will be discussed briefly as follows: 
1 (a) Relative visibility end Purkinje effect. 
‘ (D) Contrast sengitivity variation, 
i te) Change in Light threshold during adaptations 
{ ta) Light and cooler thresholds. 
i (a) The fanilier relative visibility curve for the 
ö Ucht- adapted eye, in the form agreed upon by international, 
Gonvention (2), appears as curve (a) in Figure J. 1-1. ‘The 
so Sensitivity of the oye 18 relatively constant at ordinary 
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Figure 3.1-1 RELATIVE VISIBILITY CURVES (Walsh,W2) 
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Figure 3.1-2 VARIATION OF PERCEPTIBLE CONTRAST 


WITH BRIGHTNESS (I. C. TL, 11) 


Light levels, but as the adaptation brightness decreases, 
the visibility eurve begins, at about 10 footelamberts, to 
shift to shorter wavelengths. Thie phenomenon, known as 
the Purkinje effect, is accompanied by a decreage in width 
of the ourve, ae indicated by (b] in Figure J. 1-1, which 
represents the visibility from brightneases of less than 
about 10°? foot-lamberts down to the threshold of vision, 
(D The fractional brightness difference, or contrast, 
AB/(B A), between two surfaces, which oan just be perceived, 
is shown in Figure J. 1-2 ae a function of field brightness and 
Golor (2). It is noted that at the higher levels of illumi- 
nation, the peroeptible brightness difference le amal and 
nearly constant for all oolora, but inoreases as field bright- 
ness deorenses, and thet the Purkinje effect is manifested in 
an earlier widening of the peresptible brightness differ ende 
for the red end of the spectrum then for the blue. Two fur- 
ther facts which are not indiceted in the figure are that 
the ability to distinguish brichtnese difference, sspecially 
at low light levels, is improved by a reduction in angular 
field of view (va) and that the perceptible contrasts indi- 


dated in Aaure J. 1-2 can be reduced, at any color or bright~ 
ness, by a practiced observer judging the mean of the points 

of first appearance of inequality in eseh direotion. alah (%) 
states that the averege of many readinga taken in this way has 
been found to improve contrast perception by a factor 
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er e, under favorable conditions, 

1 (e The gradual improvement in sensitivity of the eye 
fter illuminetion has been greatly reduced is illustrated 

V Pigure 3. 1-3, from (Sl), (The ordinate of this ourve is 
logarithm of the reciprocal of the threshold brightness 
at the tine indicated.) Tt is interesting to note that, ale 
| though dark adapt ton is essentially complete after 40 min« 
— some inerease in sensitivity has been reported after 


(4) igure 3,1<4 presents the eolor and light thres= 
holds (w2) plotted as functions of wavelength, In the red, 
reeognition of color and the pereeption of light both vanish 
| at very nearly the same retinal illumination, but as wavee 
Length decreases, it is possible to perceive light at illue 
minetion levele much lower than those requiced for color re» 
Gognition, in the region of the so-called twilight Aston. 
(The unit of brightness used in this curve is the photon, 
equal to the illumination of the retina of the eye, when the 
pupillery aperture is one square millimeter, by an object 
having a brightness of ong candle per square meter, or 0. 292 
foot-lamberts, ) | 
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(a) ee · 
In 1911, Lord Rutherford (85) utilized the lume 
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Logarith of Sensitivity 
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Figure 3.1-3 RISE OF SENSITIVITY OF THE RETINA 
WITH CONTINUED DARK-ADAPTATION OF THE EYE. 
(Southall , S.) 


A. Brightness at which recognition of color ceases. 
B. Brightness at which sensation of light ceases. 
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Retinal Illumination in Photons 
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Figure 3.1-4 EXTINCTION OF LIGHT AND COLOR (Walsh,W2) 
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| of u aine sulfide sereen for visual detection of 
eloar radiation in his clessic experiments on alphesray 
atterings ‘The device proposed and developed in the pre- 
ent work rests on the same principle used by Rutherford, 
ut we are primarily interested in the detection and quant 
ative measurenent of gamma radiation, rather than counting 
individwel alyhe particles, To aeconplish this, we intro- 
au a standard Light soures of vorlable brightness, with 
2 the zine sulfide (or other phosphor) sereen, excited 
to luminescence by the gurum radiation to be mesaured, is 
 @ompared, The act of ad gust ing the intensity of the stan- 
dard light source to obtain a brightness mateh then serves 
to measures the gamme rediction, The lever, dial, or other 
means by whieh the standard source is adjusted oan be eali~ 
, brated directly in roentgens per hour. It is important to 
I note that we have here u dosage rate moter, not an Integra- 
| ting dosimeter, and that, if practical, it would certainly 
a Gonstitute one of the simplest rate neters for gamma radia-~ 
tion yet devised. e proceed therefore to examine the de- 
Sign oriteria and practicality of such a device, to consider 
Some of the possible veriations, and to demonstrate the ohare 
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acteristics and performance of one form of the complete ine 
strument. 


(b Choice of "hosphor. 
Turning first to the luminescent materlal, or 
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| At 16 apparent thet saxinun sensitivity will be 

4 if we choose @ phospher with a high effieleney for 
— of ganm redietion into Licht, with ea ouch 

ons ble of the emitted light falling in the wavelength 

ud where the exe hae miximum sensitivity. Sut for the 

. inje effect, choice of a Phospher for visual observa- 

don could be considered as u problom identical with choosing 
€ phosphor to be viewed by a photo-voltaio cell (Seotion 2. 3). 
‘How r, we now wish to find an efficient anergy converter 

| „„. ths sane wavelengbh 

| as the peek sensitivity of the eye, at the brightness levels 
_— from the radiation to be measured, 

| . We caleulate the order of magnitude of the surrace 

| Brightness of a thin phosphor d 8 1 1/2 inehos in @laneter, 
| wining 10 grams of phosphor of efficiency 0. 2, exoited 
. „ ay, Gel roentgens per hour, Using the galeulst ion of 
get 10m 2.4, that the power absorbed by 1 gram of phosphor 
1 ‘from 1 roentgen per hour is approximetely 2.3 K 10°9 vad ba, 
| we find this brightness to bet 
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‘thie ealoulstion we have neglected emission from the edge 
dise, total internel reflection, and abserption of 

„ emitted light by interior phosphor orystels, and have 

sgumed that all the light is emitted at the wavelength of 

sximum sensitivity of the eye, If the emitting surface is 

or Pe stly diffuse, we may express this brightness as the 

ne number of foot-lamberte, We note from curve (b]) of Pige 

| re 561-1 thet at this brichtnoss the wavelength of naxtmun 

| Sensitivity of the eye ie about $040 Angstrom units, so that 

| ow seek a phosphor whose emission peak is at this same wavee 

: 1 gth, rurtharnore, for best results, the amtted Light 

en have a spectral distribution no broader than the vie- 
4 ity curve at thie brightness, 

- —=s=s Section of e commercielly available phosphor on the 

| Basis of a specified shape and placement of its enission ourve 

1 not readily sccomplished particularly when only a 42311 
amount is desired, The characteristics of a partioulear ahi p- 

| ment of luminescent material are not necessarily identical 

1 to those of the zreceding shipment, and the manufacturers 

| ae not ordinarily willing to guarantee their product in this 

q { Pesapeot. After inspection of several compliations of phosphor 

,  gharacteristics, those published by Leverenz (L2«L5) being 
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valucble, two phosphors were obtained whose spectral 
mission bands were in the desired regions zn=cas(cu)*, 

: 3 the former being, according to Kellman 
i), move than twice as efficient as the latter, and this 
„ borne out by the results obtained hers, For use in the 
‘ radiation meter these phosphors, obtained in the farm 
of powder, wore mixed with a plastic binder, molded into 
@ises of convenient size, and tested for offictensy, as des- 
oribed in detail in Chapter he Tests under gemmeray exol~ 
| uy deseribed in Seotion 3.3, show that for ud, cu], 
the brightness oaleuletion above is of the correct order 
ar magnitude. 

_—s—=“‘éSpo@ta distribut on curves for och of these phose 
por materials, formed into dises with lucite, were obtained 
i an suteomaticerseording, gruting spectrograph under un- 
“filtered ultra-violet exoitetion, These results are shown 
im Migures 3. 2-1 and 3. 2-2, The emission curve for Zn~Cas 
| ; (eu) follows very closely the shape of the threshold visi- 
mer curve, but yeake at a wavelength of 5275 Angstrom 
; Units, somewhat higher than was desired. Nevertheless, the 
overlap between the n- dg curve and the threshold curve in 
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Figure 3.2 -l SPECTRAL DISTRIBUTION OF EMISSION 
FROM Zn-CdS (Cu) INLUCITE COMPARED WITH NOR- 
MAL AND THRESHOLD VISIBILITY CURVES. 
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Figure 3. 2-2 SPECTRAL DISTRIBUTION OF EMISSION 
FROM Zn2SiO4(Mn) IN LUCITE 


gates that this phosphor would be faixly satisfactory for 


we 22840 (n) emission spectrun peaks at a slightly 
7 wavelength (5210 A°), and has essentially the desired 
but, ag will be seen, ite total light emission is much 


t Standard Light sources 
: In order to evold uncertainties intreduced by 
he Purkinje effect into the task of matching the brightness 
(Of two surfaces of different color, we require that the stan- 
42 pd light de ident ieal in spectral distribution with thet 
* the detector phosphor, mae standard source, of course, 
u consist of a battery-powered light bulb, suitably f 
. but this arrangemant is objeotioneble In the present 
application because of battery shelf-life (and active life), 
| 7 and because color temperature complioations arise if the in- 
tensity of the emitted light is varied by adjusting filament 
 @urrent, The latter oan be avoided by other metho’ of vary- 
ing intensity but the batteries remain, s therefore consider 
the possibility of using a phosphor excited by a source of 
Padionctivity, built into the Instrumant, aa the comparison 
The soures of excitation energy for auch a phosphor 
ghoulé have a half- value period of several years, and if, Lor 
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dompari son purposes, the standard light sources is to be 


f not omit penstrating radiation which would cause lunin- 


 @seenes of the letter, Thus we eliminate from consideration 


dne radium and thorium series, because of their gam come 
Ponent s, and polonium (low gamma emission) because of its 


ee 


short life (139 days]. In fact, the standard tabulations 
of the radiowactive nuclides (23), and (54), reveal no 


 a@lphe emitters which meet our speoificationsa, Several beta~ 
| ray sources emitting no gemma rays are available in quanti- 


dy from the Isotopes Division of the Atomic Snergy Commission 


, (Al) or from distributors, of these, strontium-90 is anong 


the least expensive and the available energy per disinte« 
gration from this nuclide is couperatively large, sr”, a 
fission-product daughter of two very short-lived bata-ruy 
emitters, deoaye (P1) eccording to the scheme: 


Salita unn . 
Hense, man aeculer equilibrium has been attained, each 
decay of a sr” nucleus yields two beta particles, with an 
average energy release of about 0,9 Mav per disintegration. 
The extensive literature on phosphors includes very 
few precise deta on the brightness obtainable from self+ 
exeited phosphors, and none at all hes been looated on the 
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‘possible deterioration of iuminesosnes in auch a phosphor 

— ' the phosphor exystal 
‘structure by beta-rays, That this last point day be of im 
‘portance in the present problem iw iliustreted by the decay 

. tine of the luminescence from the seli+luninous peints 

on watch and instrunent diels, signs, ste., most of whieh 

are excited by radiation from radium or mesothorium, The 

| Aestructive effect of the radiouctivity on the phosphor ean, 

"at least, be listed as e variable influencing the light out- 

put from a redio-nctive light source, the effect of which 

“may be comparable with the effect of the half-life of the 
radio- at ive exciter. 

The brightness of a copper-activated, green-emitting 
gine sulfide sereen (of unspecified thickness but presumbly 
Comparable to the range of radium alpha particles in Ang, 
about 3 en under alpha- ray excitation has been meu sured 
by Mau and Feuer (82). They coated a plate with 1 miero- 
gram of radiua per s,uere centineter and placed it 4 1111 
metera from a phosphor sereen in an cvacuated chamber, ob- 
taining a sereen brightness of 1 to 2 micro-lamberts (0,001 
to 0,002 footelamberts approximately) for ase as a standard 
light source, Boardman and bawaen (24) report orichtassses 
eo? up to 22.3 nicro=lanberts from an int inate mixture of 
@ino sulfide with on alpha-emitt ing redio-active salt (othare 
wise unidentified). 
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1 with a beta source. 

] 0 in chloride solution, as obtained from the Atomte 

7 , oa donate by the 

 «eGGition of exeess ammonium carbonate, The precipitate was 

| pemnitted to stand for 2 hours, then filtered. The filter 
| paper, carrying the O00 precipitate was cenented ente 

en eluminum disc 1 inch in diameter, and the active deposit, 

222 was 

protected by a thin (1.5 nee; aluminum foil, This dise 

wae then mounted on a rod screwed inte the beck face of the 

. @ise for convenience in handling. ‘The source so obtained 

} had an agtivity, as measured by an Lonizetion chamber com 

q parison ag inst a souree of known activity, of 005 (+ 0.1) 

A phosphor made of 1,00 gram of Patterson Type B zine- 
Gedmiun sulfide (copper activated) and molded by means of 
0450 grone of a lusite binder inte a 18 1 7/16 Inches in 
Giometer and 6,05 inches thick, was placed on the source 


3% Unusuel care must be taken in work with 2 2 for ite long 
halfelife, the etic be from ite daughter yttriun, 
and the fect that it appears to a bone-seeker make it 
unusual toxic among beta emitters. The latest (January 1, 
1951) recommendation of the International Commission on 

ical Protection Be ia that the maximum permissible 
amount of strontium90 in the body is 1,0 mierseuric. 
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r Wwightanes er the menden enewd with the 
Taylor Low- Brightness Meter, with the result, froma series 
er 7 measurements, of 1674 (E 0605) x 10°? foot~lemberts. 
To reduce this brightness te fomilier terms, it was noted 
that the phosphor's glow was detectable lmmediately when 
Pee in the shadow under « desk or chair in à brightly 

From the brightness caloulation ebove, for the gamma 
izpadieted Getector phosphor, this twightases would de equie 
valent to gamma radiation producing approximately? 


r x 0% 1 U roentgens per hour 


whieh would thus be the upper detection limit for a nat er 
using this particular beta souree and comparison phosphor, 
To inerease the brightness of the standard or compari- 

gon phosphor, we may increase the source strength or make 
more efficient use of a given source activity. There appears 
to be ne reason why the beta-source could not be mixed direot- 
Ay with the phosphor material and molded into a thin diss 
with plestie, Alternatively, activation of the completed 
phosphor-plastic dise by neutron baabardment in a reagter 
Might be feasible, provided a suitable nucleus (such as 
beryllium) were included in the plastis or phosphor, If 

the active material were obtained with high specific activity, 


il no cl, 


— Vodaldeas! oldstoaged un wots — 
eee e ee 20 . . 
nay de eee e an WG oP Kr Ny. n, n moa 5 * oy ; 
“tape —— e 0:48. 
rr 


Es 7 e N ie U . tat Deans 
4 2 
ered taq 


oe? yt Pmath ee anden) 3 es 
en 3 rr 
eee de e eee ban eee sated adesta ade aal 
W nioanteanily neee gaa pal oil 
— ont I —— 
22 
dee ee e beet bediea due lee adds dd edd dh BM 
Nee ae to eee eee „hν,Eãü̃aũ sii 
eee & SL eee wee dee eee eee 
e lee) de eee deen ede eee ed) date 

* eee to oltuaig edt oi eee ever ae 
eee 


Ne _ 400 
Ne 
’ 
‘ 8 
a 1 W * Nui, “dt J 


e Wy 
‘ b ae 


ephor, Of course such a procedure hes the disadvantage 
| thet phosphor bombardment by the nuelear emission particles, 
| when consequent possible destructive effect, 1s continuous, 
9 * with the soures and phosvhor separeted, an absorber 
"gould rendily be inserted when the meter is not in use, The 
manufacture of aelf-excited phosphors wes not undertaken dure 
| {ne thie work because of the undesirabliity of contaminating 
| the only evatlable highepreseure lucite mold, 

— (A] Deserivtion o | eters 

i! | Tigures 3.2+3 and 4 are sketches of two of the 
1 many possible forms of the visual redietion meter. The 

_ sketches are gal f-erplanatory, and a few comments on com 
ponents not elsewhere mentioned will suffice, 

The adjustment for e brightness match between a de- 
tector phosphor and the standard light source oan readily 
be made with crossed polerizers (Figure J. 2-7). One type 
thet appeers to be satisfaetory” is obtainable in the form 
of thin shests which are easily mounted. ‘Two such shests 
have a transmission with optical axes parallel of 212%, and 
effect a reduetion by a factor of 200 when the axes ore 
eroseed, If three such sheets are used, the center one 


ho Type I- u, Polaroid Corporation, Cambri Mass 
tranamission data herein were furnished elas 5 
turer. 
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being roteted while the other two are fixed, as shown in 

| the figure, the open transmission is 13%, the maximum at- 

denuat ien being a factor of 40,000, The transmission of 

‘this material 16 reduced, as the axes are rotated, quite 
uniformly in the region of the emission of sine~cadmiun 
gulfide (Figure 3, 2-1), though there is a non-uniformity 
in the high and low wavelength ragions of the visible spe- 
trum, 

The design of Figure 3.24 employs for simplicity a 
rheostat for adjusting the intensity of the standard lamp, 
A @ result, the filter can correct the light to the spege 
tral distribution of the phosphor emission over a narrow 
range of intensities, only. At very low brightness, in the 
domain of twilight (colorless) vision, this effect could be 
Compensated by adjustment of the sale calibration, but at 
hich intensities it would bring in the uncertainty of match 
ing two surfaces of Gifferent colors, If this should be 
Found to inorease the overall error significantly, the ine 
tensity of the stendard light should be adjusted by pole} 
roids or an opticel wadge, and an ameter should be included 
in the circuit so that a fixed ourreat could be maintained 
through the fllament, 

The optieal system for viewing the two surfeces need 
Be nO more elaborste than a glass or plastic plate te exclude 
Gusts. In the ease of the model using a bete-sourse to pro- 
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dues the standard light, the lens should be thick enough to 
shield the eye from the radist ien. A shutter of some kind 
ie necessary at the eyepisoe because of the long phosphor- 
esoent decay of the sulfide phosphors after exposure to sune 
lights a simple cap fitting over the eyepiece might be suffi- 
cient. 

A number of varietions on the general principle of 
visuel observetion of e phosphor for rediation measurement 
are possible. One of the simplest consists of a phosphor 
viewed through a series of openings of varying opacity in 
an opaque dise or strip. The openings sould be in the form 
of numerals, a number code giving the approximate radiation 
dosage rate corresponding to the lowest number which could 
just be perceived. Such a device, with no standard for com 
perison, would, however, yield varying results depending on 
the degree of dark adaptation of the observer. 
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The Taylor Low-Brightness meter (LI) consista 
of a long (60 om) open cylinder through which en observer 
views an illumineted circular area silhoustted ageinst a 
Girculer field of the surface toward which the instrument 
ia aimed, whose brightness is to be measured. The illumine 
ated area, actuslly elliptical in shape, is d magnesium 
Carbonate surface which reflects into the observer's eye 
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“Light enitted by a standard lamp through an aperture in the 
elde of the main cylinder, ‘The intensity of the standard 
light source is adjustable by filters and en optical wedge, 
80 that by comparison of the circle, illumineted by the 
standard, with the external field of view, brightness can 
be measured over the range from 107 to 107 foot~lamberts. 
The standard lamp bulb operates at constant ourrent, so thet 
dolor changes do not accompany intensity, or brightness, 
changes of the reflecting surface. The instrument was cali- 
brated by the manufacturer (Generel Slectric Co.) just prior 
to ite use in the present experiments, but no low-brightness 
standerds were evelleble for re-cheoking during the course 
of the work. | 

It is apparent, from this deseript ion of the LM, that 
when it is used to measure the brightnese of a phosphor lumi- 
nescing, under the excitation of gamma radiation, it becones 
essentially a visual radiation meter similer to the form 
sketched in Figure J. -. Use of the LAN in this way is 
subject to several limitations, The standard light souree, 
@ tungsten filament, has a color distribution fer different 
from the esaentially blue-green of the phosphor, so that at 
the higher radiation levels it is necessary to mitch green 
and pale yellow brightnesses, The most serious fault of 
this arrangement arises from the 60 centimeter length of the 
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LEM whieh forces placement of the phosphor so fer from the 
eye that the field of view of the observer ia not fliled by 
the phosphor lemge, which subtends e cone of half-angle only 
2% % when e 2-inch phosphor is used, and of 1°=49' with a 
1 1/2-inoh phosphor, Thus the threshold for detection of 
Pedistion with a given phosphor at the end of the LM is much 
less than it would be for a smaller phosphor-to-aye distance, 
(db) Detect 


The minimum radiation which can be detected vis- 
ually with the phosphors available, and the effeot of dis- 
tanes between eye and phosphor were established by the fol- 
lowing experiment. A phosphor dise 5 om. in diameter was 
mounted at the end of a tube of the same inside diameter, 
66 om. long, with a black arrow-shaped figure 2 om. long 
affixed to the fase of the phosphor. Measurements were made 
of the maximum distance of « radium gemma source from the 
Phosphor at which d derkeadapted observer could (a] deter- 
@ine without question the presence or absence of visible 
light from the phosphor, and (b) determine within 30° the 
angular orientation of the arrow, This procedure was then 
repeated with a tube 22 om, long. The results, in terms of 
distence and roentgens per hour from the souree (46.8 mam. 
radium source, calibrated by the Gureau of Standards), al- 
oulsted by the inverse square law, ere given in Table 3. 1. 
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(46.8 mem radium source « 45.4 arhn. 


Maximum source-to- 

ene Glatence (om), 
Phos phor-to-eye and minimus roentgens 
distance (om). Observation per hour. 

Observer F Observer K 


Gn ru om ryhr 


66 Detection 
Threshold 70 0,093 70 0,093 
66 Arrow Orien- 
tation 25 0.727 20 1.13 
22 Detection 180 0,014 165 0.017 
threshold 
22 Arrow Orien- 
tation 70 9.093 60 0. 126 


This experiment demonstrates that the minimum detecte- 
able gamma radietion with this phosphor materiel is less 
than 20 ar/hr under favorable conditions. Some rough experi- 
ments with phosphor-to-eye distances indicate that the ope 
timum may be less then 22 om, for a 5 om diameter phosphor. 
Further investigetion of this point might produce evidence 
for en even lower detection threshold than shown above. 
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J It is evident from Table J. 1 thet the three-fold 
weder 10 of the distance from which the phosphor was viewed 
i brought about ea six-fold improvement in threshold sensitivity, 
9 and an eicht-rold decrease in the minimum radiation required 
for arrow orientation, In view of this result, measurements 
made with the Low-Brightness Meter used as a visual radiation 
meter can be regarded only ea a gauge of the reproducibility 
or brightness readings at very low light levels. Since the 
LM waa the only available comparison devices for the low 
light levels, and since no way could be found te use a short} 
er eye to phosphor distance without major alteration of the 
instrument, it was used for this purpose in the next experi- 
ment to be deseribed. 

Two observers with no prior knowledge of tha Low- 
Brightness Meter and no signifieant experience in photometry 
were used in this experiment. Both hed uncorrected visual 
acuity in both eyes of 20/20, or better, with normal color 
perception, and had sufficient knowledges of the use and 
effects of gamma radtiet ion so that it can be assumed that 


no psychological effects on this account perturbed the mease 
urements, The observers were dark-adapted for at least 
fifteen minutes in a red adaption brightness of less than 
107 foot-lauberts. The detector phosphor (En-cds (cu) in 
lucite) was 1 1/2 inches in diemeter, viewed through the LN 
so that it wes 60 om from the observer’s eye. The phosphor 
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nes irredicted by @ 10 nem (6,2 aha) radium source, from 
ti e di stances (phosphor to souros) shown in Table 3o3=2. 
zech observer was permitted about 10 minutes familiariza- 
tion with the errangenent before the readings show in the 
ta dl were taken, | 


Ae hEnese easurensnt LNSXps. needa Voserver: 


(10 mem radium source, 6, 1 mrhm, Brightness in 106 root~lamberts) 


Mean 27.9 23.2 
Standerd Deviation 5* 12% 
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Yor comparison, Table J. J- shows reading taken by 
two relatively experienced observers, osoth of whom had handled 
and used the instrument on two previous eecasions. Experi= 
mental conditions were the same as described above except that 
‘the phosphor was excited by ultra-violet light ond a larger 

| ronge of driahtness was covered. These observers likewise 
“he uncorrected 20/20 or better vision and normal color 
perception. 

| A® expected the reproducibility of brightness compari- 
on readings by a single observer is far better than the 
perceptible brightness difference data of Figure 3. 1-2, sinee 
* are using the halving method mentioned in Section 3.1 (b). 
_ However the reproduction of the readings of one observer by 
another is less satisfectory, In Table 3.3-3 it is seen thet 
i Observer reads consistently higher than observer K by a 

i frection which lnereases es brightness decreases, Other exe 
perinents have shown the disagreement between these two obe 
Servers is always in the same direction, and that the thres- 
hold of S is at e higher brightness, and radiation, than 
that of K. Sdmi lex relationships exiat between the readings 
and thresholds of observers L and D (Table 3. 2], the latter 
having the lower threshold. A mass of additional] date would 
be required before generalizetions along this line could be 
stated. 
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(Ultre-violet excitation, Sricghtness in foot-lamberts) 


12. 010 10,8x0~4 33, 3210“ 13, 310 15x207° 


21.3 12.5 45 14. 2 19.3 
18.6 10.3 27 13.3 17. 2 
2067 12. 2 51 19.7 
12.7 46 1420 
29.0 13.1 
2 dae 1 
en 2924x107" 19.010 11,5107 14.9220"? 149x107? 17. 2210 
Deviation 2% u 55 1 8 * 
ver zero 16,0107 9.0210 362105 9. 310? 10. 3210-6 
21 15.3 9.3 3, 7.0 10.5 
28 18.0 12.0 34. 12.0 1.0 
27 16.5 128 ho 13.0 
11.0 31 10.0 
„ 
— — 


an 26. 10 16, 3210 10. 9410 33. 6410 10, 6X10“ 11.710 


ie 


Ratio 87K 1.10 1.15 1. 06 1.21 Leh 1.47 
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The Limitations of the only available low-brightness 

1 standard have thus fer thwarted a decisive demonstration of 

3 ‘the lower limit or redistion at which reliable brightness 
Readings ean be obtained. However, the evidence at hand ine 
- @teates that such a lower limit for a darkeadapted observer 

1 ig well below 400 millircentgens per hour. This estimate is 
} based on the following considerations. The best phosphor dise 
} produced to date in the work desoribed in Chapter 4 is f 2- 

if inch dise consisting of 9.7 grams of phosphor in a polystyrene 
binder. Its brightness under 40 ar/hr of radium gemma exci- 
tation, as measured by a type 5619 — was 1.2 
x 10-6 foot-lamberts, or one-tenth of the brightness readings 
shown in Colum PF of Table J. 3. Hence e radiation of 400 
me/hr is certainly measurable by brightness eonperison,° Howe 
ever the improvement in detection threshold and arro orien- 
tation brought about by a decrease in the phosphor-to-eye 
Gistance as shown in Table J. 1 is so spectacular as to per- 


mit a confident statement that some degree of improvement 
dan also de made in brightness comparison by the same means, 
Another area in which improvement is to be expected is the 
manufacture of larger and more efficient phosphor dises than 


3% The photomultiplier calibration 2 the low-brighte 
ness meter is described in Appendix 4. 1. 


6, The linesrity of brightness response of ZnCdS(Cu) with 
exciti ingensity at room temperature over an intensity 
range o has been denonstrated by Neil La (11). 
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nom available, ‘Steting the possible lower limit as well 
400 mr/hr therefore seems quite conservative, The 

pper limit of the visusl radiation seter, ast by the aature- 
| . brightness of the phosphor, has not been explored, but 
iy “the date of Table 3. 2 and of the figure in Appendix f. 1 show 
4 thet it is greater than 100 roentgens per hour, in estimate 
i of 1000 r/hr for thie figure would be conservative. 
ö Jonoarning the limitetions on the use of e visual radiae 
tion meter in view of the thresholds for detection and succeas- 
tui brightness comparisons shown above, it is evident thet dark 
adaptation of the observer will be o pre-requisite to redietion 
measurements naar the measurenent threshold, with the required 
degree of dark adaptation ineoreaesing as the minimum rediation 
to be measured decreases, As a result, an observer originally 
if adapted to daylight, observing continuously as his dark- 
ö adaptation progresses, will be able to see levels of radiae~ 
tion in the vieinity of 10 roentgens per hour within « few 
seconds, but will require 15 to 20 minutes of dark adaptation 
before he will be able to detect 20 he, or to nes aure the 
order of 100 ar/hr. Derk adeptation time oun of course be 
greatly decreased by pre-adaptation in red light through the 
use of red goggles, as now extensively used by those engaged 
in night navigation and gunnery in the armed services, Rul-⸗ 


bert (MI)] has shown that, while essentially complete dark 
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| e¢aptation requires 21 minutes after exposure to 120 foote 

| gandles of tungsten light, the required tine is redueed to 

| 7 minutes efter exposure to the same intensity of red light 
| (6500 40). 
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CHAPTER & 
WT WATERTAL IN PLASTIC BINDER 


Phoaphor-Plastic Mixtures 

The seleotion of « sulfide phosphor for use in the 
visuel radietion meter was followed by « search for means 
to obtain the maxinum brightness at the surface of a layer 
of phosphor. A review of the litereture and inquiry among 
persons end companies interested in orystal growing revealed 
no source of gine sulfide crystals of reasonable size, 80 
attention was turned to improving the luminescent yield of 
the fine-grained zine-cadmium sulfide which appeared to be 
the best readily obtainable phosphor for our purpose (Sec- 
tion 3.2). 

The chief limitations on the light output from. the 
surface of a given mass of this ssaterial and of the gine 
geulfide phosphor family in general, erise from their small 
orystal size (1-50 microns), strong absorption of their own 
emitted light, and high index of refraction (for ans, n = 
2.356, and for CaS, n 24506, both at 5693 49, (ga)). 
Thus in thick layers of these small crystals, scattering of 


the light emitted from an interior orystal increases the pro- 
babllity of absorption befors it reaches the surface where 
it ean be seen, Furthermore, the high index of refraction 
and consequent smell oriticel angie sin”? A rer total internal 
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9 tion at a orystal-air surface, mean thet e large frao- 
tion of the light must make one or more refleotions from a 
“ erystal-air surface before escaping from the crystal, hence 
“absorption in this manner may also seriously reduce the po- 
‘tentielly availeble light. (The erystals of several sulfide 
Phosphors examined do not have perfectly regular shape, but 
have small striations on the orystal faces, so it is unlikely 
thet a significant portion of the light would be permanently 
entrapped in the crystals due to internal reflection.) ‘Thus 
it seemed reasonable that we might improve the total light 
output at the surface of a given masse of phosphor by simply 
filling the interstices between orystals with a materiel 
of refractive index matching or approaching that of the phos- 
phor, provided such material is transparent to the emitted 
light. Thus we would at once inorease the critical angle 
at the crystel surfaces, since it is given by . (1 ½½n) 
(where n' is the refractive index of the less dense and n 
of the more dense medium), allowing a larger fraction of the 
generated light to escape from e orystal without total in- 
ternal reflection, and decrease the reflection coefficient 
at each orystal boundary, since this coefficient depends, 
at normal inoidence, on (-A yen) 

A transparent plastic immediately suggests itself as 
& possible binder for the phosphor crystal powder. The use 
for other purposes of a transparent plastic binder for pow- 


dered orystalline sulfide phosphors has been reported pre- 
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wiously. Frey (Fl) used « thin paste of zine sulfide end 

_ polystyrene spread directly on the envelope of an end-window 
- photo-multiplier to gount neutrons by luminescence of the 
Ane sulfide excited by recoil protons from the plastic. 

| Robinson and co-workers (Rl, R2) have used similar thin mix- 
tures of several inorganie phosphors and polystyrene to count 
alphe particles, Considerable attention hes been given late- 
ly (82, K3) to the use of orgenie phosphor materials dissolved 
in plastios of various kinds, obteining large, clear, amor- 
phoub masses for counting neutrons and gammsereys with high 
efficiencies at high counting rates, 

We are here interested, however, in finding the opti- 
mum thickness, in grams per square centimeter, and the opti- 
mum proportion of plastic and phosphor, which will yicld the 
brightest surface luminescence under gasma excitation, points 
on which little information hes been aveileble, Kallman () 
hag published curves showing total light output from phosphor 
soreens as a function of thickness, under alpha end gamma exe 
citation, His curve for a-excitation is reproduced as Figure 
„% -l, where it is seen thet the mexinum light intensity from 
inf, mm, ., and CaivO, eecurs at 5 nm / om, which socording 
to Kallman is just the range of the alphe-particles used, Un- 
Ger gamma excitation, Figure 4.l-2, the light intensity does 
not appear to reach e maximum for any of these phosphors, but 
flattens out above 50 . increasing only slightly for 
greater thicknesses, Kallman notes that this effect demon- 
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Figure 4.1-| LUMINESCENT LIGHT INTENSITY AS A 
FUNCTION OF PHOSPHOR THICKNESS. 
ALPHA EXCITATION. (Kallman Ref. K2) 
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Figure 4.\-2 LUMINESCENT LIGHT INTENSITY AS A 
FUNCTION OF PHOSPHOR THICKNESS. 
GAMMA EXCITATION. (Kaliman, Ref. K2) 
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(The relative light outpute of 22810 and ZnS under 
 alphe and geeme exeitetion es shown appear to be incompatible. 
Generally, it would be expected that relative efficiencies 
or tuo Phosphors would not change greatly under different ex- 
| @itation. Such a view 1s supported by efficiency date on 
these two phosphors published by Kallman in two different 
veports (Bl, E], showing that the sulfide is more efficient 
then the silicate under a, v. and x-ray exeitetion, end by the 
@xperinental results reported in Section 3 of this chept er. 
Henee it 1e reasonable to auspeet that the labels of the sure 
ves for zm, S10, and int in Figure 4.l-2 have been interchanged 
| by error.) 
a These curves by Kellman furnish an additional reasen for 
using a plastics binder for the powdered phosphor, Since we 
are interested in maximum brightness of the phosphor surface, 
under gamma-ray exeiteation, we evidently must use thicknesses 
of sulfide phosphor greater then 0,1 a/ om (Figure 4.1-2, ourve 
for Zangs]. The plastic binder eppsears to be a convenient means 
of obtaining a homogencous surface in such large thicknesses, 
provided no loss of brightness results from introduction of 
the plastic, 
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Manufacture of Phosphor-Plastic Mixtures. 

| Selection of the plastic materials for use in these 

| experiments was necessarily based on their working properties 
| and availability as well as their opticel properties. The 
plastics finally selected were a metheerylate’ (Lucite) and 

a polystyrene”, with refractive indices (in yellow light) of 
1. 30 and 1. 39 respectively, the letter being relatively high 
among the transparent plestics. The lucite was obtained in 
the form of a compression-molding powder, the polystyrene 
as a monomer casting liquid, polymerized by heating after 

the addition of a small amount of eatalyst (benzoyl peroxide 
with 6% ative oxygen) and an acoeleretor (methylene chloride). 
Both these plastics are nearly transperent in the visual renge 
(RG), with a transmission greater then 25% in the emission 
bands of Zn#Cd5(Cu) and 210 (Mn) (Figures J. 2-1, 2). 

The first experiments were made with the polystyrene 
Casting liquid. The technique used for manufsoturing discs 
of any desired phosphor-plestic proportion is a simple one 
briefly deseribed as follows: 

Weigh into a glass mold the desired amount of casting 
liquid and add one drop of catalyst for each 3 grams of 
Plast ie, Stir vigorously with glass rod to distribute the 
oetelyst. Add the desired weight of phosphor by sprinkling 


1. * Transopt 1e“ Molding Powder, Buehler and Co. Led. 
Chicago, III. 


2. pelloeveast, “ Pellowcrafters, Inc., Boston, Mess. 
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it over the surface of the casting liquid and stir until a 
uniform paste is obtained. Add 1 drop of acosleretor per 
{ 3 grams of plastic and stir again to distribute the aceel- 
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rater (a slightly larger proportion of accelerator may be 
necessary for mixtures with a phosphor to plastic weight 
ratio of 2 or higher). Allow to stand for about 10 minutes 
at room teazperature, then plece In oven at 920 for about 
1 hour (longer for large phosphor/plestie ratios). Cool 
slowly to room temperature. The alxture contracts slightly 
upon solidifying so that it oan readily be removed from the 
mold, 

The dises so obtained when glass culture dishes were 
used as molds hed a glossy top surfece, but the bottom and 
gidea in contact with the glass during molding had a dull 
finish which could be polished on a metallographic speci- 
men polishing wheel, The principal defeet of the dises so 
prepared was that the phosphor/plestic ratio was not uniform 
through u cross~«section, the heavy sulfide powder having a 
marked tendency to settle to the bottom of the mold through 
the visoous liquid, This effect introduced an uncertainty 
Yegarding the effective phosphor/plastic ratio at the top 


and bottom sur fades when the total light output was to be 
measured in a series of dises with varying overall propor- 
tions of phosphor to plastic, For this reason we turned to 
the use of lucite molding powder with which it was found that 
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quite homogeneous dises cen be made at retios less then 3.0 
te sufficient ettention be 51d to the mixing in the procedure 
daser doc below, This virtue of the lucite powder wes con- 
- sidered to offset the Gisaévantege of its smaller index of 
: refraction at least for the purpose of determining the opti- 
mum phosphor/plastic ratios as will be seen later a Poly- 
styrene mixture produced the most efficient phosphor dise. 
| The lucite-phosphor mixtures were molded under pressure: 
supplied by a omall hydraulic presse designed for embedding 
“metallographic specimens in plastic, The first phosphor 
ses were nude in a 1" disemeter mold but for visual obser- 
vation e larger size was desirable, end a 1 7/16" mold was 
used for ell the later work. > The mold consists of e cylin- 
érieel steel sleeve with wall designed to withstand 5000 Psi, 
Glosed at the bottom by e removeble steel plug, and et the 
top by a steel plunger through which the pressure wes epplied, 
A hole was drilled through the plunger to within 3/8 ine of 
the bottom,to receive a thermometer. The bottom plug and the 
plunger fit the sleeve with a tolerance of 0,001 inch to 
prevent appreciable extrusion between the moving parta, and 
811 inner surfaces of the mold were ground to a smooth finish. 
To heat the mold, e heating jeoket was made consisting of a 
Cylindrical eluminum shell with inner dlameter fitting the 


J This size was not chosen by design, but ves the diameter 
of an aveliable mold, previously used locally for another 
purpose, which sould be modified for the present 1 
dat len, It is recognized thet larger dises would 
advantageous, 
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steel sleeve of the mold loosely, A 001 of nichrome wire, 
insulated with asbestos, was wound inside the shell as the 

| } element, With this equipment, the following pro- 
eedure was used in making phosphor-plast 10 dises: 

|. Weigh the desired amounts of phosphor and plastic onto 
weighing paper. Mix thoroughly with spatula, After cleaning 
al: inner surfaces of the mold with aleohol or acetone, pour 
Piastic-phosphor alxture into mold with bottom plug in 
oo, and mix again in the mold. Insert plunger, place 
mbled mold in press and apply 100 psi to remove air, 

| Se pressure, heat to 120°C? apply 3000 psi, heat to 
"140°C, cool rapidly to 90°C, force out plunger and plug 
with completed phosphor dise. 

1 This procedure produced homogensous phosphor-plastie 
a1 with ratios up to 3.0. At larger ratios it was diffie 
| ult to prevent inhomogeneities, and beyond 4.0 the surfeces 
anverianiy showed local sarees containing little or so please 


tic so thet the phosphor vas easily chipped off. At ratios 
below 3.5 the surfeces were ordinerily smooth and welle 
polished, In all, about 65 dises were made with this proesdure, 
though only about half of these were of value in obtaining 

the results of the next section, 


The point of departure for the phosphor-plastis 
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| mixture experinents vas to determine the tilokness of phose 
| phor alone whioh would provide the greatest light yield une 
der ganna and bete exoitation, Vor this purpose, ond for 
Phosphor diso meesurencnts, equipment was arranged to u- 

| gure the brightness of a phosphor sereen on one surface while 
i the ting radiation was applied to the opposite surface, 
following the procedure used by Kalimen (KZ). 

| A Type 5619 photomultiplier tube was mounted in a 
‘brass light shield with à cardboard (0013 een Light 

| tight top mich was readily removable for easy secesa to the 
 end«window. The tube was protected with a magnetic shield, 
and operated at 75 volts per dynode from e stabilized nega- 
tive high«voltage supply. Anode ourrent from the 3619 tube 
was measured by a Seckemn microe-micreammeter Tor currents 
up to 100 eaperes, and by a Beta microasmeter for larger 
currents. 

The stability of this system waa auch that a refer- 
enee current reading, established early in the work, consiste 
ing of a reference phosphor disc excited by a amall redium 
soures placed at a fixed distaneoe from the phosphor, could be 
repeated at will within less then 4@ over a period of seven 
weeks, Provision was sade for adjusting the photoe-multiplier 
Voltage to compensate for changes in the reference reading 
dus to drift, line voltage obanges, ates, out this was necess- 
ery on only two occasions, Under these conditions of photo- 
multiplier operation, fatigue effects and noise current were 
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not noticeable, The arrangement described was used for all 
phosphor light output measurements reported in this chapter. 
- Conversion of photoe-multiplier anode current to an approxie 
"mete figure for phosphor brightness in foot-lemberts wee 

, accomplished by the calibration procedure described in Ap- 
pendix 4.1. 

The phosphor powder wes pleced in a cylindrical 
eluminum oll with thin glass bottom resting directly on the 
ond-window of the phototube. The inside diameter of the eell 
was 1.406 inches, slightly leas then the minimum specified 
diameter (1.5 inches] of the photo-cathode, and closely 
matehing the diameter of the most frequently used size of 
phosphor-plastic dises, 1.436 inches, (Care was taken to 
place the oell and the dises in a constant position on the 
gathode, and o 1.5 inch mask on the ende-window was used as 


a guide for thie purpose, Anode current reading ia not 
eritioal for variations in placement of less than 0.1 inches.) 
The phosphor wes irradieted by a 10 mg. (8.8 mrhm) radium 
gamma source (oalibreted by the Bureau of standards] placed 
at 45 om from the face of the cathode. Current response of 
the phototube as a funetion of source distance followed an 
inverse square lew at distances greater than about 30 om 

from the phototube, hence the gamme radiation et the phos- 
phor was equivalent to approximately 
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4 „ 1 mr / hr. 
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The light yield of two phosphor meterials as a fund- 


e 
me general shape er the 22,510, ourve is the same, but due 
to its much smaller efficiency and the opacity of the ory- 
 etels to the emitted light, the maximum light yield is less 
then one-fifth that of the sulfide and ours at nuch smeller 
thickness. 
| A similer experinent using bete-ray exoitetion from a 
strontium-90 souree produced the curves shown in Figure 4. 2, 
where the opacity and smaller efficiency of the orthosilicate 
produce effects relative to the sulfide similar to those 
found under gamma excitation. The peak light yield occurs 
in Zn-Cas(Cu) at about 0.2 gn/om*, If to thie is added the 
absorber thickness traversed by the betes before reaching 
the phosphor (a total of 0.16 gm/om*), it is seen thet the 
peek corresponds olosely with the 0.38 gm/om* range of beta 
particles having the average energy (0.92 Mev) of the yttrium 
90 beta spsotrum (EI, 23). Vor the am, 810 „ the maxinum 
light yield ours at smaller thickness because of absorption 
of the light emitted in the upper layers of phosphor. 

Beyond noting that the general shapes of the individual 
curves are similer to those given by Kellmen under photon 
and changed-perticle excitation, it ia difficult to attempt 
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Figure 4.3-| LIGHT YIELD AS A FUNCTION OF PHOSPHOR 
THICKNESS. GAMMA EXCITATION. 
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Figure 4.3-2 LIGHT YIELD AS A FUNCTION OF PHOSPHOR 


THICKNESS. BETA EXCITATION. 


| ve Ad Leah SARE ; 
bas bal W f t 0 


= 69 « 


wee 12640 OF SROspniote lr iOStle Si XoUres. 
| The light yield as a function of phosphor thick- 
ness ben) ons) is shown in Figure 4.3<3 for a series of phos- 
, phor-lucite dises containing increasing amounts of phosphor 
| but with a constant proportion of phosphor to lucite given 
by the weight ratio R 2 (grams of phosphor/grams of lutte]. 
{The light yields plotted are the average readings of the 
two Flat surfaces, to compensate for small inhomogeneities. 
Tha two readings ordinarily differ by lese then 7%,) At 
 @mall thicknesses it is seen that the light yield parallels 
that of the phosphor powder alone, which is re-drewn here 
for comparison from Figure b. 5-1, but reaches a maximum at 
about 0.8 gnfom*, and declines for greater thickness, This 
decline is interpreted as the result of inersased loss of 
light emitted from the sides of the dise as linear thickness 
of the dise and henes area of the cylindriesl surface In- 
Oreases, as wall as the result of inerensed absorption of 
light, primery gammas, and secondery radiation by the plastic. 
(The response of olear lucite dises to gammm radiation has 
been measured and is of the order of 0,01 tines that of the 
game weight of phosphor.) 

That the ratio R + 2 used in the series of Figure 4. * 
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Figure 4.3-3 LIGHT YIELD AS A FUNCTION OF Zn-CdS (Cu) 
PHOSPHOR THICKNESS, WITH OR WITHOUT LUCITE BINDER. 
GAMMA EXCITATION. 
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Figure 4.3-4 LIGHT YIELD AS A FUNCTION OF PHOSPHOR/ 
PLASTIC RATIO BY WEIGHT. GAMMA EXCITATION. 
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ih below the optimum ie shown in Figure 4.3+4, where light 

101d is plotted as a function of phosphor/plastic ratio R 
for two series of sulfide-lucite @ises with constant phosphor 
hicknesses, showing that the optimum ratio appears to be 

out 2075, for 1.0 gm/om* of phosphor, and about 2.25 for 
043 ef. The curve for 1.0 gn/on* phosphor ineludes the 
“Rost efficient phosphor-lucite dises prepered to date, but 
tt ig noteworthy that the light yield from the best of these 
ts Slightly but not signifiesntly higher than the mexiaum 
reached with the phosphor powder alons. e can say only 
“thet, at the optimum ratio and thickness (R= 2. 73, thick- 
‘nese 1.0 gm/em*) found to dete, the additional light whioh 
de brought to the surfeoe by the lucite binder is nearly 
“offact by the other effects mentioned above. 

1e shown in Figure 4. 1 is a curve for Wy S10, with 
‘Gonstant phosphor thicknesa 6,3 enen The maximum light 
out put at R = 6.75 is about 40% greater then the meximum 
obtained from the phoaphor alone as shown in igure . 1-1. 
4% ratlos greater than 1.5 there is insufficient lucite to 
bind tha very fine phosphor powder together. In view of the 
poor efficiency of this material compared to the sulfide, no 
further work with it wae undertaken, 

Turning to the use of pelyatyrene, which hes a larger 
index of refreetion than lucite, we have found « remarkable 
improvement over the performance of lucite, as indicated vy 
the results in Table 4.%1, ‘The table gives the thickness 
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¢ phosphor and zetia ef phosphor te plestie for each of three 
osphors nade of Zn-C45(0u) and polystyrene, with their light 

gtput in teras of anode current from the phototube, under 

he bene conditions used for the neasurenents on the iucite 

(although these pertisular dises were 2 inches in 

r, 6 12/2 ineh maak over the photo-eathode pernites 

 @ompericon with the ueasurencnts on the 1 7/16 inch 41. 

Tb will be noted that the maxiaum Light yield here te nore 

Than 30% greater than the dest value obteined with powdered 

or Aueite-bound phosphor, and thet this meximum occurs et e 

- phosphor/plastic ratio very oless to the optimum ret 10 found 
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anode ant (10 ampere 
and 1 Ve mt diameter — 1 
face. 
— ; i ae men ad & .. U pa be Ense 
2 9.29 0.38 300 503 
2 0.19 2,85 8.0 6 9 
4 0.61 3.75 6. 60 6.55 


: Ta the oase of the polystyrene discs, as mantioned 

| previously, a means of ensuring that the phosphor and plestie 
Pémain homogeneously mixed in the finished produet has not 

Jet been worked out. Yor this reason, the top surfaces of 
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dhe bottom bailing greatly enriched in phosphor, As 6 result, 
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ase Mo, 1 listed in Table 4, 7-1 ie almost clear plastic, 


it might be anticipated thet the brightness reading of the 
top surface would be smaller than thet of the bottom (exei~ 


tation in each case being direeted at the opposite face, as 
usual), beeause the ef feet ve phosaphor/plastic ratio at the 


bottom is closer to the optimum ratio, and the readings cone 


firm this, In No. 2, the smaller proportion of polystyrene 


prevented as large à phosphor density gradient from bottom 
to top as shown by No. 1, but the bottom is definitely richer 
in phosphor than the top, and it is the top surface of Noo 

2 which yields the lergest brichtuess reading, under the 
standard excitation (gamma radiation, 40 mr/hr) of all the 
phosphors tested. Ginee the overall ratio of phosphor to 
plastic in the dise is very close to the optimum ratio found 
for lucite mixtures with the same phosphor (Figure 4. 3-4 
upper ourve), it follows that the effective ratio at the 
bottom surface is greater than the optimum, while the effeo- 
tive top ratio is less than optimum Thus the upper region 
of thie disc, where the phosphor erystals are relatively 
more widely spaced, makes its contribution to the high aur- 
face brightness ond also permits efficient tranamission of 
the light generated in the interior region of optimum retio 
to the top surface, while the region near the bottom hes the 
orystals too closely packed to permit auch effielent trans- 
mission and furtheraore its higher than optimum retio of 
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y Glear plastio control aise) with en overall retio nuch higher 
than the optimum, shows thet it hes « density gradient thet 
is aaller than that of No. 2, but still perceptible, It is 
therefore unlikely thet the effective rat 10 of phosphor to 

5 plastic at the top could be at or below optimum, and thie is 
F borne out by the brightness readings as shown. 

: The better performance of polystyrene 4s 2 binder, as 
| @ompered to lucite, must be attributed largely if not en- 

_ tirely to its higher index of refrection, more closely 

i approaching that of the sulfide phosphor, The polystyrene 
AItself does not make an appreciable contribution to the 

light meld of the dises, as is shown the yield of a trans- 
parent control dise of polystyrene, manufactured concurrently 
with Ro. „ 1 and 2. ‘This dise gives a reaponse under the 
Standard gamma exeitetion only 0.03 times the reading of Ro. 
1 which contains a comparable amount of plast 1e, (There 
remains the remote possibility that tie polystyrene is @x= 


cited to luminescence by the emission spectrum of the phos- 
phor, } 


The visuel radiation meter deseribed in Chapter 3 is 
Certainly realizable in ita present form but is subject to 
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. N mt in each of its components. Ferhaps the most 
* uncertainties in the author's mind at presents, 

; ch far as practical design considerations are concerned, are 
the optimum phosphor to eye distance and phosphor area, and 
| the extent of possible improvement to be gained by viewing 
the two phosphors through a magnifying opticel system, The 
 ~ maxis practical brightness from a mixture of phosphor and 
redio-aotIve goures material, and the rate of Wightnese dew 
eay Ge a result of continuous chenged=particle bombardment 
/ ghould also be determined, The possibility of deteoting 

. other types of radiation with a visual instrument, and es- 

: pecially the detection of neutrons with plastic-phosphor 

- Gises deserve attention, | 

; Although the objeetive of the work on phespher-plast ie 
| mixtures, nemely to obtain core usable light from e given 
 SmOUnt of phosphor incorporated in such a mixture than could 
| be obtained with the same ames of phosphor alone, has been 
attained to e degree which will be useful in the visual redia- 
tion meter, there are meny directions im which further and 
‘probably greeter improvements oan be sought. A thorough 
@eareh should be made for more effislent phoephors and for 
workable transparent plestics with higher refractive in- 
Gices, In the absence of such plastios, experixents with 
liquids of high index might indicate what could be done if 
COtparable plastics or other solid binders were avaliable, 
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The individual curves of Pigures b. - through 1. 2-1 
be regarded as profiles of a three~@imensional surface 
wh may be represented graphically if light yield 18 plote 
bed Glong the a-axis, and the l- and y-oxes are scaled in 

fans per square centimeter of plastic and phosphor renpec- 


0 the origin, then represent lines of constant phosphor/plastic 
rat 10. Systematic exploration of auch a surfen for a given 
| phospher-pleatic syatem, plotting sonteure of constant Light 
| yield, might lead to u fuller understanding of the effects 
or mixing plestio with phosphor. 
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PHOTOMULTIPLIZR CALIGRATION 


AY In order to evaluate the visual effeot of the light 

_ yield from phosphors without subjecting the experinenter 

| to ummecessary radietion dosage, it becene desirable to 

| translate the 5819 photomultiplier anode current response 
| to luminescence into a unit of brightness. The acans of 

| @ocomplishing this is as indicated in Figure 4. 1-1. The 

| phosphor, excited by ultra-violet light, was viewed first 

| by two observers using the LoweBrightness lieber, and then 
by the photomultiplier, as phosphor exeitetion was varied 
| by interposing inoreasing thicknesses of U-V absorbing 

: glase plates. 1 as shown in the figure, phosphor brightness 
and photomultiplier current are proportional as intensity 

| of excitation varies over a range of 200 times the lowest 
brightness at whieh reliable readings could be meade with the 
Low-Brightness Meter, The proportionality factor thus ob- 
tained (1.5 x 10° foot-lamberts per micro-anpers) applies, 
of course, only to the particular emission spectrum (thet 
of Zn-C4S(Cu) ), size of phosphor (1 7/16 in. ), and photo- 
multiplier tube used in the calibration. 


1. The application of the absorber technique to this prob- 
lem vas suggested by Professor Clark Goodman. 
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0⁰ Phosphor brightness as a function O² 
of number of absorbers in a filtered 
ultra-violet lignt beam, measured by 


the 5819 phototube and by two 
observers using the Low-Brightness 
Meter. 


Calibration (for Ig“ phosphor disc): 
| pA -S x“ foot-lamberts 
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